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A.  INTRODUCTION 


\ 

This  report  summarizes  work  performed,  in  the  third  six  months  of  Contract 
Number  AK33ol5-75-51dB^»in  which  the  influence  of  specific  defects  on  the 
properties^  titanium  alloys  is  studied  in  order  to  provide  insight 
into  the  origin  <md  reason  for  the  property  modifications. 

Few  manufacturing  processes  are  perfect  and  errors,  minor  changes  in  a 
processing  cycle,  etc.,  can  lead  to  defective  regions  in  a product  which 
may  influence  service  performance.  :>uch  defects  can  take  many  forms; 
for  example,  voids,  chemical  segregation,  inclusions,  etc.,  and  can 
influence  both  meehni'-al  and  physical  properties.  However,  it  is  clear 
that  the  main  problems  encountered  in  service  have  been  in  the  degradation 
of  fatigue  properties.  Over  the  past  decades  the  demands  of  high  techno- 
logy areas  such  as  these  in  the  aerospace  industry  huve  required  that 
such  defects  be  eliminated  from  components  and  the  advances  in  quality 
control,  NDI,  etc.,  have  proved  in  general  very  successful  in  improving 
product  integrity.  Titanium  alloys  have  formed  part  of  such  programs 
and  the  service  record  of  ui.ese  materials  has  been  excellent  indicating 
that  the  techniques  for  controlling  defects  have  been,  on  the  whole,  vpry 
successful.  However,  occasional  problems  nave  been  encountered  especially 
when  the  defects  O'-cur  on  a small  scale  and  are  difficult  to  detect  by 
NDI  techniques.  It  would  be  fair  to  state  that  solutions  to  such  pro- 
blems have  been  found  relatively  soon  after  identification  but  the  reasons 
behind  the  modification  of  properties  produced  by  such  defects  are  less 
well  understood.  Description  of  the  types  cf  defects  that  have  been  en- 
countered were  identified  in  the  first  semi-annual  report.  This  has  been 
used  to  establish  an  experimental  and  analytical  program  designed  to 
gain  insight  into  the  nature  and  effect  of  two  specific  defects  on  sub- 
sequent mechanical  properties . 

These  two  defects  are,  firstly  small  discontinuities  that  under  cyclic 
loading  lead  to  rapid  nucleation  and  growth  of  cracks.  The  appearance 
of  the  fatigue  fracture  surface  has  lead  to  the  term  'cleavage  rossette' 
to  describe  the  failure  characteristics.  The  second  defect  is  the  better 
characterized  structural  discontinuity  that  occurs  in  alpha  beta  processed 
titanium  alloys  and  termed  beta  fleck.  The  major  influence  of  these 
defects  are  on  the  fatigue  properties  of  the  material. 
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B.  CLEAVAGE  ROSETTE  FAILURES 


I.  INTRODUCTION 

During  this  reporting  period  the  cleavage  rosette  problem  has  been 
studied  by  two  approaches.  Firstly,  LCF  life,  crack  growth  results 
and  fractographic  data  generated  by  Rolls  Royce(^),  the  Air  Force/ 
Metcut(2)  and  Pratt  & Whitney  were  collected  and  analyzed  to  better 
define  the  magnitude  of  the  fatigue  debit  and  possibly  provide  in- 
sight into  the  reasons  for  such  a debit.  The  second  approach  the 
LCF  and  fractographic  features  of  specimens  which  had  been  seeded 
with  various  types  of  contaminants  were  studied  to  determine  whether 
the  characteristics  of  rosette-type  failure  could  be  reproduced. 

In  contrast  to  previous  work  (see  the  1st  Annual  Report)  these 
seeded  specimens  were  beta  heat  treated  after  diffusion  bonding  to 
produce  an  acieular  microstructure  similar  to  that  of  the  IMI  685 
alloy. 

II.  EXPERIMENTAL 

i.  Fabrication  and  Testing  of  Diffusion  Bonded  Specimens  with 
Seeded  Contaminants. 

Three  groups  of  specimens  have  been  fabricated  and  tested.  The 
first  group  consists  of  IMI  685  specimens  machined  from  a rela- 
tively defect-free  region  of  the  forging.  These  specimens  were 
seeded  with  either  a .03"  diagonal  hardness  indentation  (simu- 
lated pore)  or  an  identation  containing  Ti-6Al-4v  hydride  (simu- 
ation  of  a contaminated  pore).  The  seeded  IMI  685  specimens 
were  all  tested  at  a maximum  stress  110  KSI  at  either  R = 0, 
20  cpm,  or  R = 0.3,  12  cph.  The  microstructure  of  these  speci- 
mens after  diffusion  bonding  were  essentially  the  same  as  that 
in  the  forging. 

The  second  and  third  group  of  specimens  were  fabricated  from 
a~B  forged  Ti-6Al-4v  and  Ti-6Al-2Sn-4Zr-2Mo  alloys  respectively. 

The  second  group  of  specimens  were  seeded  either  with  a 0.30" 
diagonal  hardness  indentation  or  an  indentation  containing  one 
of  the  following  contaminants:  Ti-6Al-4v  hydride,  NaCl,  TIN 

and  Al,  The  specimen  fabrication  procedures  for  the  first  and 
second  groups  were  the  same  as  those  described  in  the  first 
Semi-Annual  Report  except  that  the  diffusion  bonding  conditions 
were  changed  slightly  to  minimize  the  amount  of  plastic  defor- 
mation during  diffusion  bonding.  This  results  in  less  dis- 
placement of  the  seeded  flaw  and  easier  location  in  a fabri- 
cated test  specimen.  The  bonding  conditions  for  the  first 
and  second  groups  are,  respectively,  l800°F/500  psi/4  hours  and 
l650°F/800  ps.i/4  hours. 
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The  third  group  of  specimens  we re  seeded  with  argon.  Figure  1 
illustrates  the  configuration  used  for  trapping  argon  in  the 
pore.  One  half  of  the  specimen  has  a ball  radius  at  one  end 
which  is  in  contact  with  a pore  in  one  end  of  the  second  half 
of  the  specimen.  The  specimen  halves  were  assembled  in  an  ar- 
gon atmosphere,  load  was  then  applied  and  the  temperature  in- 
creased. The  plastic  deformation  in  the  contact  ends  helps  to 
seal  the  argon  in  the  pore  while  the  curvature  limits  the  argon 
trapped  at  the  interface.  Ideally,  the  argon  should  be  evacu- 
ated as  soon  as  the  pore  has  been  sealed,  oince  the  condition 
for  adequate  sealing  cannot  be.  readily  determined,  argon  was 
evacuated  at  two  arbitrarily  selected  temperatures  either  200°F 
or  800 °F.  The  diffusion  bonding  was  performed  initially  at 
rfSO^F/^OO  psi/4  hours  but  subsequently  changed  to  l850°F/5,6o 
psi/4  hours. 

After  diffusion  bonding,  these  specimens  were  given  a beta  heat 
treatment  of  2000 °F  for  1 hour  followed  by  furnace  cooling.  The 
heat  treated  specimens  were  tested  at  0-110  ksi,  1 cpm, 

ii.  Chemistry  Determination  on  Rosette  Defects 

Two  different  techniques  for  cnemically  analyzing  detects  have 
been  attempted.  The  simplest  method  was  to  produce  rosette- 
type  of  failure  and  then  to  directly  analyze  the  defect  loca- 
tion. The  second,  more  indirect,  technique  was  based  on  the 
assumption  that  the  defect  contains  either  or-  or  p-  stabili- 
zing contaminants  of  such  concentrations  that  would  result  in 
observable  local  change  in  p transas  temperature.  With  an 
appropriate  thermomechanical  processing  such  defect  can  be  dis- 
tinguished from  the  surrounding  by  micros tructural  variation. 

The  details  of  these  techniques  and  the  analyses  performed  on 
the  rosette  defects  are  as  follows. 

The  ’fish  eye'  fracture  origin  of  specimen  #4  (Figure  5 add  6) 
was  analyzed  by  Auger  electron  spectroscopy.  One  half  of  the 
fracture  was  sectioned  longitudinally  through  the  central  pore 
in  the  "fish  eye’  and  mounted  for  metallographio  and  electron 
microprobe  examination  by  wavelength  dispersive  technique. 

After  the  Auger  and  the  electron  microprobe  examinations,  the 
fracture  surface  and  the  longitudinal  section  were  studied  by 
secondary  ion  microprobe  technique  using  an  32q+  primary  beam. 

In  the  second  technique  the  approximate  location  of  a rosette- 
type  defect  was  located  in  a section  of  an  IMI  685  forging.  A 
compression  specimen  was  then  fabricated  with  the  defect  located 
approximately  at  the  center.  Tie  specimen  was  then  isothermally 
compressed  at  1830 °F  to  87/0  reduction  in  height  using  boron 
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III. 


nitride  as  a lubricant.  The  compressed  specimens  was  then 
polished  to  the  expected  defect  location.  The  transverse 
metal lographic  section  was  examined  optically.  The  section 
was  then  heat  treated  in  vacuum  at  1830 °F  for  one  hour.  The 
heat  treated  micros t rue ture  was  studied  optically  and  by  wave- 
length dispersive  electron  microprobe  techniques. 

RESULTS 

i,  LCF  Testing  of  IMI  685  Specimens 

1.  Defect- Free  Material 

The  room  temperature  S-N  curves  of  defect-free  IMI  685  speci- 
mens are  shown  in  Figure  2.  Most  of  these  data  have  been 
generated  by  the  AF/Mctcut.  Fatigue  behavior  is  clearly 
frequency  dependent;  lower  fatigue  lives  are  associated  with 
the  lower  frequency  (12  cph).  The  frequency  effect  is  es- 
pecially pronounced  at  higher  stresses.  These  data  will  be 
used  as  a basis  of  comparison  for  specimens  failed  with 
rosette-type  of  fracture. 

The  differences  in  fatigue  lives  at  the  two  frequencies  are 
accompanied  by  differences  in  fractographic  features.  Fig- 
ure 3 illustrates  the  appearance  of  the  fracture  surface  of 
a specimen  which  was  cycled  at  the  higher  frequency  (20  cpm). 
The  fatigue  region  is  relatively  flat  and  contains  cleavage- 
like  facets  on  which  fatigue  striations  have  been  observed. 

By  contrast,  the  appearance  j£  the  fracture  at  12  cph  is 
considerably  rougher  with  distinct  facets  and  rather  similar 
to  rosette-type  of  fracture  except  for  the  presence  of  the 
•fish  eye1  in  the  latter. 

2.  Defective  Material 

P&WA  has  fractured  two  IMI  685  specimens  (#4  and  #22)  with 
rosette-type  failure.  Specimen  It'-,  has  a short  defect-con- 
taining segment  diffusion  bonded  to  pull  bars.  (The  fabri- 
cation details  of  this  specimen  were  described  in  the  first 
Annual  Report).  Specimen  #22  was  machined  directly  from 
the  second  piece  of  IMI  685  forging  provided  by  the  AFML. 

The  two  specimens  differed  not  only  in  tne  fabrication  pro- 
cedures used  (e.g.  #4  was  stress-relieved  during  diffusion 
bonding)  bub  also  in  geometry  as  the  diameters  of  #4  and 
#22  are  0.44"  \nd  O.25"  respectively.  These  differences 
were  thought  to  play  a significant  role  on  the  fatigue 
debit  of  the  rosette-type  failure (1 ) . Inspite  of  these 
differences  the  fatigue  lives  of  these  two  specimens  differ 
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by  only  8‘jl  and  the  fractographic  features  in  both  specimens 
are  similar.  The  fatigue  origins  were  located  near  the  cen- 
ter of  both  specimens.  The  only  fractographic  difference 
observed  was  that  fatigue  striations  are  observed  in  #4  but 
not  in  // 22.  This  difference  will  be  discussed  later. 

The  LCF  lives  of  all  DU  685  specimens  known  to  have  failed 
with  cleavage  rosette-type  of  fracture  are  shown  in  Figure 
4.  As  in  the  case  of  the  defect-free  specimens,  the  fati- 
gue life  is  frequency  dependent.  However,  it  is  interesting 
tc  observe  that  specimens  failed  with  rosette-type  of  frac- 
ture have  essentially  the  same  lives  as  the  defect-free  , 
specimens  when  tested  at  20  cpm.  Large  fatigue  debit  asaoci- 
ated  rosette -type  failure  is  observed  only  at  a frequency  of 
12  cph. 

The  scanning  electron  micrograph  of  the  rosette-type  fail- 
ure (Specimen  It 4)  is  shown  in  Figure  5.  The  fatigue  crack 
initiated  at  a macroscopically  flat  facet  about  0.033"  dia- 
meter which  inclines  at  a small  angle  to  the  stress  axis. 

Near  the  center  of  this  facet  is  a pore  about  0.0002"  long. 
’River5  pattern  are  observed  to  originate  from  this  pore. 
Further,  ’brittle-type’  striations  have  been  observed  on 
the  facet,  the  formation  of  this  type  of  striation  will  be 
discussed  later.  Details  of  the  ’fish  eye’  crack  nucleation 
site  are  illustrated  in  Figure  6.  The  topography  surround- 
ing the  ’fish  eye’  is  highly  irregular  and  consists  of 
cleavage-like  facets.  Fatigue  striations  have  been  obser- 
ved only  on  facets  A,  B,  and  C (Figure  7).  The  measured 
striation  spacings  on  these  facets  will  be  discussed  later 
with  reference  to  crack  growth  data.  Either  cleavage-like 
or  overload  type  of  cracking  occurred  between  these  facets. 
The  dimensions  of  all  the  facets  are  about  the  same  as  those 
of  the  acieular  alpha  colony  packets  in  this  material. 

3.  Heeded  (Defective)  Material 

The  LCF  results  of  seeded  1MI  685  specimens  relative  to 
those  of  the  defect-free  and  rosette-containing  specimens 
are  illustrated  in  Figure  8.  The  data  points  from  speci- 
mens seeded  with  hydride  are  indicated  by  H,  while  those 
seeded  with  clean  pores  are  indicated  by  P.  The  frequency 
effect  on  fatigue  life  is  again  obvious.  Specimens  tested 
at  the  lower  frequency  of  12  cph  (filled  circles)  have  fati- 
gue i ives  about  one  order  of  magnitude  lower  than  those 
tested  at  the  higher  frequency  of  20  cpm  (pen  circles). 
Relative  to  the  2C  cpm  LCF  lives  of  defect-free  and  rosette- 
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containing  specimens,  the  seeded  specimens  show  a life 
reduction  oi  one  order  of  magnitude  even  though  the  size 
of  the  seeded  pore  is  equivalent  to  that  of  the  'fish  eye* 
fatigue  origin.  This  observation  together  with  the  appear- 
ance of  the  fracture  surfaces  described  below  indicate  that 
the  integrity  of  the  diffusion  bond  is  questionable.  Even 
so,  the  large  fatigue  debit  of  a rosette-type  failure  at 
12  cph  has  not  been  reproduced  exactly  in  the  hydride-seed- 
ed specimens. 

Fractographic  analysis  shows  that  fracture  initiated  at 
the  seeded  defects  in  all  the  specimens  tested.  The  fati- 
gue fracture  areas  show  features  similar  to  those  described 
in  the  two  previous  sections.  However,  the  surrounding  ten- 
sile fracture  followed  the  diffusion  bond  interface  even 
though  the  separation  was  by  ductile  tearing.  This  ob- 
servation may  indicate  inadequate  bonding.  The  effects  of 
the  diffusion  bond  on  the  observed  fatigue  lives  are  not 
necessarily  very  large  since  it  has  been  observed  that  the 
fatigue  life  of  a specimen  (DB  //' 32)  in  which  the  tensile 
fracture  path  did  not  involve  the  diffusion  bond,  was  about 
17 t'  higher  than  the  ones  which  separated  along  the  bond 
interface. 


ii.  Chemistry  Determination  on  Rosette  Defects 
1.  IMI  685  Specimen  #4 

Secondary  Ion  Microprobe  Results 

Determination  of  local  chemistry  on  the  fracture  surface 
was  found  to  be  rather  difficult  even  though  the  fracture 
origin  (fish  eye)  is  .relatively  flat.  The  low  sputtered 
ion  yield  prevented  meaningful  ion  image  being  obtained. 

In  addition,  the  non-reflectivity  and  varying  focal  depth 
also  prevented  exact  correlation  with  scanning  electron 
micrographs  of  the  regions  from  which  the  secondary  ions 
were  generated.  Consequently,  data  was  obtained  from  the 
longitudinal  section  of  the  fracture  only.  These  data 
were  recorded  afer  the  contaminated  surface  layer  was 
sputtered  away.  The  relative  changes  in  concentrations 
of  several  elements  during  sputtering  is  shown  in  Figure 
9 which  was  obtained  near  the  fracture  origin.  The 
relatively  high  initial  concentrations  of  Na,  Si  and  C are 
due  to  surface  contamination.  These  decreased  as  steady 
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stable  levels  of  major  constituents  Ti  and  Al  were  approached. 
Current  data  taken  after  sputteri:ig  for  one  to  two  hours 
were  reduced  to  the  concentrations  listed  in  ibble  I.  These 
results  may  be  compared  meaningfully  on  a relative  basis, 
but  have  known  errors  on  an  absolute  sense.  For  instance, 
it  has  been  established  j.n  previc  us  studies  that  the  data 
reduction  scheme  used  produces  high  results  for  aluminum. 

On  a relative  basis,  Table  i ind:. cates  that  the  most  signi- 
ficant difference  between  the  f nocture  origin  and  the  bulk 
is  in  the  N contents,  it  is  slightly  over  four  times  higher 
at  the  origin.  Contrary  to  popular  speculation,  the  H con- 
tent at  the  origin  was  found  to  he  lower  than  that  in  the 
bulk  by  a factor  of  two.  Other  differences  are  small  but 
tend  to  indicate  that  the  fracture  origin  is  lower  in  de- 
stabilizing elements  Al  and  C and  higher  in  B-stabiiizing 
elements  Fc  and  E. 

Optical  Metallography,  Auger  0 pet :tros copy  and  Electron 
Microprobe  Analysis 

Optical  metallography  revealed  nc  micros tructural  anamoly 
at  the  'fish  eye*.  The  electron  microprobe  results  showed 
no  detectable  difference  in  chemistry  at  the  fracture 
origin.  However,  the  sensitivity  of  the  electron  micro- 
probe  technique  for  detecting  interstitials  is  known  to  be 
poor,  especially  at  low  concentrations.  Some  of  the  results 
of  the  Auger  electron  spectroscopy  (AES)  are  shewn  in  Figure 
10  v/hich  were  obtained  at  the  fracture  origin  before  (Figure 
10a)  and  after  sputtering  (Figure  ,L0b).  It  can  be  seen 
that  the  sputtering  reduced  the  concentrations  of  3,  C and 
0 which  arp  common  surface  contaminants.  The  nitrogen 
peak  coincides  with  one  of  the  Ti  peaks  and  therefore  its 
concentration  cannot  be  readily  determined.  No  signifi- 
cant difference  was  observed  between  the  AES  results  at 
the  fracture  origin  and  bulk  material. 

2.  Thermomechanically  Processed  Specimen 

The  micro structure  of  the  rosette  defect-containing  speci- 
men after  isothermally  compressed  at  l830°F  to  87%  reduction 
in  height  is  shown  in  Figure  11.  Recrystallization  has 
occurred  heterogeneously  throughout  the  sample,  and  re- 
vealing no  clear-cut  micro structural  difference  at  the  ex- 
pected defect  site.  Additional  recrystallization  occurred 
when  the  compressed  specimen  was  heat  treated  at  l830°F  for 
one  hour.  However,  many  localized  areas  remained  unrecrys- 
tallized.  The  microstructure  after  the  heat  treatment  is 
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reminiscent  of  the  presence  of  P-fleck  defects.  The  results 
of  the  electron  microprobe  analyses  of  the  recrystallized 
and  unrecrystallized  regions  (Figure  12)  are  shown  in  Table 
II.  The  data  represents  relative  compositions  averaged  over 
an  area  of  10"^  cm2.  Although  the  differences  between  the 
recrystallized  and  unrecrystallized  regions  are  small,  a 
definite  trend  can  be  detected.  The  unrecrystallized  region 
shows  higher  concentrations  of  the  ^-stabilizing  element  Mo 
and  lower  concentrations  of  the  ^-stabilizing  elements  Al 
and  Zr  than  the  recrystallized  region. 

iii.  LCF  Testing  of  Seeded  Specimens  from  Other  Ti  Alloys 

The  LCF  lives  of  the  T±-6Al-4v  specimens  seeded  with  various 
contaminants  are  given  in  Table  HI.  Among  the  contaminants 
used  Al,  TiN,  NaCl  and  hydride,  only  TiN  and  NaCI  appear  to 
have  an  effect  on  fatigue  life.  Degradation  of  fatigue  life  by 
a factor  of  about  three  is  observed  for  these  contaminants. 
However,  it  should  be  emphasized  that  the  hydride  used  for  this 
group  of  specimens  has  a hydrogen  content  of  0.3 % while  those 
used  previously  have  a hydrogen  content  of  1.2 %.  This  may  have 
affected  the  present  results. 

The  scanning  electron  fractography  showed  that  the  fatigue 
fracture  \ as  initiated  at  the  seeded  defects  in  all  specimens 
with  possibly  one  exception,  DB  #24  in  which  the  seeded  defect 
could  not  be  located.  None  of  the  specimens  fractured  along 
the  diffusion  bond.  Further,  the  locations  of  the  seeded  de- 
fects varied  in  these  specimens,  some  being  located  in  the 
center  while  others  were  near  the  edge.  As  will  be  discussed 
later  the  location  of  the  seeded  defect  has  an  effect  on  fati- 
gue life  which  is  rather  small  compared  with  the  usual  scatter- 
ing in  LCF'  data.  The  fractographic  features  in  all  these  speci- 
mens show  very  little  difference.  A typical  scanning  electron 
fractograph  of  a subsurface  initiated  and  propagated  fatigue 
crack  is  shown  in  Figure  13a,  that  of  a near- surface  initiated 
fracture  is  shown  in  Figure  13b.  Both  of  these  specimens  were 
seeded  with  hydride  and  have  equivalent  fatigue  lives.  In 
Figure  13a  the  fatigue  origin  (hardness  indentation)  which  is 
partially  exposed  can  be  located  at  the  center  of  the  micro- 
graph. Figure  13a  shows  that  the  topography  of  the  fatigue  pro- 
pagated region  appears  to  be  rougher  than  that  of  the  surface 
or  near  surface  initiated  fracture.  Striations  could  be  found 
only  on  facet  A,  and  are  Illustrated  in  Figure  l4a.  'These 
striations  bear  little  resemblance  to  ductile-type  fatigue 
striations.  The  appearance  of  the  striations  observed  on  facet 
B of  the  near-surface  initiated  fracture  shown  in  Figure  13b 


-8- 


Ell  75-200-4017-3 


PHATT  4 WHiTNCY  AlHC^AFT 


is  illustrated  in  Figure  l4b.  The  appearance  of  the  fracture 
shown  in  Figure  13a  and  b are  similar  to  those  of  the  IMI  685 
(Figures  5 and  3 respectively)  except  in  the  scale  of  the  frac- 
ture surface  topography,  being  relatively  finer  in  the  seedod 
Ti-6Al-4v  specimens.  This  difference  can  be  directly  related 
to  the  scale  of  the  microstructures,  specifically  the  beta 
grain  size  and  colony  dimensions,  in  these  materials. 

The  LCF  lives  of  Ti-6Al-2Sn-4Zr-2Mo  seeded  with  argon  pores  are 
shown  in  Table  IV  which  also  indicates  the  diffusion  bond  con- 
ditions used.  The  fractographic  features  of  the  first  specimen 
tested  (#29)  consist  of  a central  region  where  the  argon  is  • 
located  and  a peripheral  region  both  of  which  show  evidence1  of 
good  bonding.  Between  these  two  regions  is  an  area  on  which 
the  markings  on  the  original  surface  are  clearly  visible.  The 
formation  of  this  apparently  unbonded  region  was  due  to  incom- 
plete removal  of  argon  during  diffusion  bonding.  The  difficulty 
was  largely  eliminated  in  the  third  specimen  (ft 4o)  when  argon 
was  evacuated  at  about  200 °F.  However,  small  regions  of  un- 
bonded areas  were  evident  on  the  fracture  surfaces,  indicating 
the  inherent  difficulty  of  completely  removing  argon,  once  intro- 
duced. Conversely,  the  absence  of  unbonded  areas  on  fracture 
surfaces  of  IMI  685  failed  with  rosette-type  fracture  suggests 
that  no  argon  contamination  was  involved  in  the  fracture.  Iron- 
ically. the  specimen  that  appears  to  have  the  best  diffusion 
bond  (who)  has  the  shortest  fatigue  life. 

IV.  DISCUSSION 

There  are  two  important  aspects  in  the  rosette-type  fracture,  the 
characteristic  fractographic  features  <md  the  large  fatigue  debit, 
both  of  which  must  be  taken  into  consideration  in  order  to  provide 
a basic  understanding  of  this  phenomenon.  The  following  is  one 
such  attempt  which,  unlike  previous  ones,  has  the  advantage  of  a 
larger  data  base. 


i.  Fractographic  Features 

A common  and  distinctive  fractographi 
failure  is  the  formation  of  the  'fish 
The  characteristics  of  the  'fish  eye' 
0.040"),  the  presence  of  pores  (.0001 
striations  (Figure  6).  The  pores  has 
porosity  which  failed  to  heal  during 
remembered  however  that  in  the  early 
of  specimen  #2  exhibited  a very  low 
eye'  at  the  subsurface  origins.  (Thi 


c feature  of  rosette-type 
eye'  fracture  origin, 
are  its  dimension  (0.005"- 
"-.0008")  and  brittle-type 
been  traced  to  the  casting 
forging (-1- ) , It  should  be 
part  of  this  study  testing 
life  but  no  clear  cut  'fish 
s specimen  was  cut  in  the 
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radial  forging  direction  rather  than  the  transverse  orientation 
of  specimens  #4  and  #22).  Brittle  striations  were  observed  in 
specimen  #2  adjacent  to  the  fracture  origin  which  may  indicate 
that  the  failure  mechanism  was  the  same.  However,  a well  de- 
fined 'fish  eye'  seems  typical  of  the  transverse  direction  im- 
plying perhaps  that  the  conditions  for  formation  derive  from 
billet  breakdown  rather  than  the  final  forging  operation.  The 
flat  region  in  the  'fish  eye'  has  been  attributed  to  the 
cleavage  of  an  alpha  colony  packet  since  they  are  dimensionaly 
consistent^) , The  presence  of  the  brittle-type  striation  has 
not  been  satisfactorily  explained.  A mechanism  which  will  lead 
to  the  formation  of  the  striation  is  now  proposed.  It  is  depicted 
schematically  in  Figure  15a.  Heterogeneous  plastic  deformation 
in  coarse  acicular  microstructure  would  result  in  intense  slip 
bands  and  formation  of  microcracks  at  the  slip  offsets  in  the 
acicular  a phase  (Figure  15b,  side  view  of  Figure  15a).  When 
the  shear  plane  is  not  microscopically  flat,  irregularly  spaced 
markings  parallel  to  the  direction  of  shear  will  be  left  on  the 
shear  plane  (Figure  15c,  top  view  of  Figure  15a),  The  connection 
between  the  pore  and  the  'fish  eye*  is  not  obvious  since  it  is 
too  small  to  have  an  appreciable  effect  in.  LCF  crack  initiation. 
However,  as  shown  in  the  secondary  ion  microprobe  results  that 
the  pore  region  may  be  contaminated  with  nitrogen  and  resulted 
in  local  embrittlement.  The  test  results  on  specimen  #2  may 
imply  the  contamination  is  spherically  symetric. 

The  highly  irregular  fracture  surrounding  the  'fish  eye'  is  a 
consequence  of  the  microstructure  of  the  material  and  the  test 
conditions  used.  Two  different  modes  of  fatigue  crack  pro- 
pagation have  been  observed  in  IMI  685  which  has  an  acicular 
microstructure  with  large  a packet  and  prior  beta  grain  sizes. 

The  fatigue  crack  propagates  predominantly  along  a plane  of 
maximum  tensile  stress  when  cycled  without  a dwell,  i.e.,  the 
direction  of  fatigue  crack  propagation  is  only  stress  dependent. 
When  a dwell  at  maximum  load  is  imposed,  the  fatigue  crack  pro- 
pagates preferentially  along  a path  normal  to  the  longitudinal 
axis  of  the  acicular  a phase(4). 

The  corresponding  difference  is  reflected  in  the  appearance  of 
the  fracture.  The  fatigue  propagated  region  of  the  specimen 
tested  at  20  cpm  is  relatively  flat  (Figure  3).  On  the  other 
hand,  when  a dwell  is  imposed  the  fatigue  region  is  highly 
irregular  since  the  crack  front  changes  direction  upon  entering 
a differently  oriented  a colony.  The  degree  of  irregularity  of 
the  fracture  surface  depends  directly  on  the  scale  of  the  micro- 
structure. 
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The  presence  of  fatigue  striation  in  IMI  685  #4  which  failed 
with  a subsurface  origin  (Figure  5)  is  an  exception  to  our  ex- 
perience with  Ti-6Al-4v.  With  either  an  equiaxed  or  acicular 
microstructure,  fatigue  striations  are  conspicuously  absent  in 
the  seeded  Ti-6Al-4V  specimens  until  the  cracks  reached  the  sur- 
face. The  absence  of  the  ductile-type  fatigue  striation  was 
thought  to  be  attributable  to  the  better  reversibility  of  the 
slip  during  fatigue  deformation  in  an  ultimate  vacuum  created 
in  a subsurface  opening.  However,  as  Bowen  has  demonstrated 
recently  that  the  symmetry  of  the  active  deformation  modes  rela- 
tive to  the  crack  plane  must  also  be  taken  into  consideration 
in  determining  the  nature  of  the  striations  and  the  ease  with, 
which  they  can  be  observed(5).  For  instance,  striations  were 
readily  observed  when_the  fracture  system  (i.e,  fracture  plane 
and  direction)was  [1010}  <1210,  whereas  when  the  fracture  sys- 
tem was  {OOOIJ  <1210  striations  were  difficult  to  observe. 

The  unusal  occurrence  of  striation  in  specimen  #4  may  be  associ- 
ated with  some  particular  orientations  of  the  facets  on  the 
fracture  plane  which  strongly  favors  the  formation  of  striations. 

ii.  The  Fatigue  Debits  in  IMI  685 

The  large  fatigue  debit  of  IMI  685  associated  with  the  sub- 
surface rosette-type  fracture  have  been  investigated  independ- 
ently by  several  laboratories  ir?  the  past.  The  'rosette  debit' 
has  been  rationalized  in  terms  of  the  initial  presence  of  the 
'fish  eye'  fatigue  origin  and  the  enhanced  fatigue  crack  pro- 
pagation rate  possibly  due  to  the  R and  dwell  effect'1).  How- 
ever, the  magnitude  of  the  'rosette  debit'  has  not  been  defined 
or  analyzed  in  any  detail  in  these  terms  and  therefore  the 
origin  of  the  debit  remained  a mystery.  In  the  following  we 
shall  discuss  in  detail  the  'rosette  debit'  in  light  of  the  re- 
sults from  previous  investigators  as  well  as  those  generated  in 
this  investigation. 


Prior  to  a discussion  of  the  'rosette  debit'  it  is  interesting 
to  examine  the  cause  of  the  shorter  fatigue  life  of  the  defect- 
free  specimens,  especially  at  higher  stresses,  when  tested  with 
a dweli.  This  'dwell  debit’  and  the  'rosette  debit'  are  defined 
schematically  in  Figure  l6.  As  will  be  explained  these  two 
debits  are  related  only  superficially.  Rolls  Roycev1)  measured 
significantly  faster  crack  propagation  rates  when  dwell  cycles 
were  used  (12  <-'ph)  than  those  measured  at  a fasuer  frequency 
(10  Hz),  thus  ohe  Rolls  Royce's  explanation  for  the  'dwell 
debit'  which  was  also  assumed  to  be  a component  of  the  'rosette 
debit'.  On  the  other  hand,  AF/Metcut  data  revealed  no  effect 
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of  frequency  on  fatigue  crack  propagation  rate*.  Their  results 
are  shown  in  Figure  17.  According  to  the  AF/Metcut  data  the 
•dwell  debit'  may  be  explainable  in  terms  of  the  possible  dif- 
ference in  crack  nucleation  life  which  is  assumed  to  be  much 
shorter  when  tested  with  a dwell  than  that  without  a dwell. 

This  difference  has  not  been  demonstrated,  however. 

From  above  discussion  for  the  'dwell  debit'  it  appears  possible 
to  account  for  the  'rosette  debit*  by  the  initial  presence  of 
the  'fish  eye'  fracture  origin  which  forms  in  a very  small  num- 
ber of  cycles  and  the  higher  propagation  rate  measured  by  Rolls 
Royce  (Curve  A Figure  15).  The  fatigue  lives  calculated  using 
the  central  penny-shaped  crack  model^b'  are  shown  in  Figure  18. 
The  calculations  were  made  using  initial  crack  radii  of  0.01" 
and  0.02"  and  using  either  the  crack  propagation  behavior 
measured  by  the  AF/Metcut  (band  G)  or  that  measured  by  Rolls 
Royce  (band  A),  It  can  be  seen  from  Figure  lp  that  the  calcu- 
lated lives  are  in  reasonable  agreement  with  those  observed 
only  in  the  case  when  the  specimens  were  tested  without  a dwell 
(data  points  indicated  by  open  circles).  With  a dwell,  the  ob- 
served lives  are  lower  than  those  calculated  by  about  two  orders 
of  magnitude  even  using  the  fastest  crack  propagation  rates 
measured  (band  A).  It  may  be  argued  that  these  calculations 
are  v lid  only  in  the  tests  without  an  imposed  dwell  which  re- 
sult in  a rather  planar  fatigue  pr  'pagation  (Figure  2).  Appli- 
cability is  limited  in  cases  wher  a dwell  is  imposed,  since 
crack  propagation  is  microstructure  sensitive  and  a highly 
irregular  crack  path  is  observed.  This  anisotropy  of  crack  pro- 
pagation is  though  to  play  an  important  role  in  the  'rosette 
debit'  since  the  dimension  of  the  'fish  eye'  fracture  origin  is 
about  the  same  as  the  a packet  size.  It  should  however  be 
pointed  out  that  anisotropy  effect  works  in  both  directions, 
i.e.,  it  can  either  enhance  the  rate  of  crack  propagation  or 
can  slow  it  down.  One  should  therefore  observe  a very  large 
scattering  in  the  fatigue  lives  of  the  dwell-tested  specimens. 
Clear  trends  in  fatigue  lives  of  dwell-tested  defect-free 
specimens  and  rosette-containing  specimens  would  not  be 
possible  if  the  anisotropy  effect  were  overwhelming.  This 
is  contrary  to  observation.  Therefore  the  large  discrep- 
ancy between  the  calculations  and  the  'rosette  lives' 
is  taken  to  suggest  that  the  'rosette  debit’  cannot 
be  explained  simply  from  the  initial  presence  of  the 


*Subsequent  measurements  by  Rolls  Royce  on  IMI  685  which  had  been  given 
a faster  cooling  that  that  used  previously  showed  no  frequency  effect 
on  crack  propagation  ratevO. 
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•fish  eye*  fracture  origin  and  the  dwell  effects  on  crack  pro- 
pagation. Evidence  supporting  this  contention  is  cited  below. 

The  ion  microprob"  results  indicate  that  the  ‘rosette  debit'  is 
associated  with  a significantly  higher  concentration  of  nitro- 
gen around  the  'fish  eye'  fatigue  origin  (Table  I).  The  enhanced 
crack  propagation  rates  have  also  been  measured  on  facets  A,  B 
and  C (Figures  5 and  7)  which  are  shown  in  Curve  D of  Figure  19. 
The  striaticn  measurements  show  that  the  crack  propagated 
initially  at  significantly  higher  rates  than  those  measured  but 
tend  to  decrease  toward  the  measured  values  at  large  AK  i.e. 
away  from  the  'fish  eye'  origin*  Using  the  crack  propagation 
behavior  described  by  Curve  D and  A,  the  calculated  fatigue  ' 
life  is  about  1000  cycles.  The  actual  fatigue  life  of  this 
specimen  is  1600  cycles.  This  small  discrepancy  indicates  that 
the  analysis  used  is  reasonably  self-consistent. 

A preliminary  conclusion  from  these  observation  is  that  the 
large  tosette  debit'  observed  in  IMI  685  is  attributed  primarily 
to  the  r.ibrogen  contamination  which  results  in  amplication  of 
local  crack  growth  rates.  As  the  calculations  show  the  initial 
preserve  of  the  'fish  eye*  fatigue  origin  which  by  itself  in  no 
fatigue  debit  except  possibly  at  low  stresses, is  of  secondary 
importance  in  accouting  for  the  ‘rosette  debit'.  It  should  be 
reiterated  that  the  origin  of  the  'rosette  debit'  is  distinctly 
different  from  the  'dwell  debit'  although  the  conditions  leading 
to  their  manifestation  are  seemingly  the  same,,  The  'dwell  debit' 
occurs  in  defect-free  material.  It  is  associated  with  shorter 
initiation  life(^)  and/or  faster  crack  propagation  rates'-1)  but 
no  nitrogen  contamination  is  involved.  Obviously  work  in  the 
final  section  of  this  work  will  center  on  defining  in  more  de- 
taiJ  the  influence  of  nitrogen  on  the  LCF  properties  of  IMI  685 
with  an  acicular  micros tructure, 

iii.  Seeded  specimens  of  Other  a-Q  Ti  Alloys 

Several  aspects  in  the  LCF  results  of  the  seeded  specimens  con- 
tribute toward  an  understanding  of  the  effects  of  subsurface 
defect  on  LCF  properties  in  general  and  cleavage  rosette-type 
of  fracture  in  particular.  For  instance,  the  results  of  speci- 
mens seeded  with  argon  indicate  that  material  contaminated  with 
argon  is  likely  to  show  the  telltale  sign  of  unbonded  areas. 

The  similarity  of  the  fractographic  features  between  0 heat 
treated  Ti-6Al-4v  and  IMI  685  shows  that  the  only  unique  feature 
in  the  rosette  fracture  is  the  presence  of  the  'fish  eye'  fati- 
gue origin  which  can  be  duplicated,  perhaps,  by  embedding  con- 
taminant in  a smaller  indentation  (.0 03").  Althought  fatigue 
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debits  have  been  observed  in  TiN-seeded  Ti-6Al-4V  specimens 
with  either  equiaxed  microstructure  or  acicular  mi  ' ^structure, 
the  magnitude  of  these  debits  are  relatively  small  however, 
the  seeded  Ti-6A1-4V  specimens  had  been  tested  only  at  1 cpm. 

A slower  frequency  (12  cph)  may  increase  the  debit  significantly 
as  is  the  case  in  IMI  685.  The  LCF  results  of  the  seeded  Ti-6A1 
4v  specimen  also  show  that  for  a given  type  of  seeded  flaw,  the 
LCF  lives  are  relatively  insensitive  to  the  exact  location  of 
the  flaw  in  the  gage  area.  Indeed,  fracture  mechanic  calcula- 
tions of  two  extreme  cases,  surface-initiated  fracture  and 
center-initiated  f mature,  show  a relatively  small  difference  , 
of  about  2ol>  in  fatigue  life  which  is  smaller  than  the  usual 
scattering  in  LCF  data. 
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TABLE  I 


ION  MICROPROBE  ANALYSES  OF 
ROSETTE  FRACTURE  IN  IMI  685 


In  Bulk  Near  Origin 

(Atomic  Percent) 


Li 

3.6  x 10-^ 

3.0  x 10“^ 

B 

1.46  x 10~2 

2.55  x io-2 

C 

0.89 

0.54 

A1 

30.91 

23.49 

Si 

1.51 

1.55 

Fe 

0.23 

0.28 

(Relative 

Ion  Intensities  Ti  » l.o) 

II 

2.5  x 10-1* 

1.1  x 10"^ 

N 

2.7  x 10“6 

11.2  x 10"6 

Cl 

7.7  x 10~6 

10.7  x 10~6 
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TABLE  II 


ELECTRON  MICROPROBE  ANALYSES  OF  FORGED  IMI  685 

No.  of  Counts  in  100  Sec. 


Element 

A1 

Zr 

Mo 


Equiaxed 

Microstructure* 


399?0 

2420 

693 


Aclcular 
Micros  tructure  * 


36470 

2410 

721 


*See  Figure  12 
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-6A1-4V  SPECIMENS 
cpm) 


No.  of  Cycles  to 


26,230  (J-ll) 

5,870  (#26) 

6,360  (#23) 

2,430  (#22) 

2,46o  (#24) 

2,690  (#25) 

6,660  (#21) 
6,660  (#27) 
14,260  (#28) 
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TABLE  IV 

LCF  LIVES  OF  Ti-6A.i-2Sn-4Zr-2Mo 
SEEDED  WITH  ARG01I 


Diffusion  bond  Cc.-'ditions 


1750°F/500  psi/4  hr.  _ 
Ar  Evacuated  at  B00°F 


1850°f/56o  psi/4  hr. 
Ar  Evacuated  at  000 °F 


l850°F/560  psi/4  hr. 
Ar  Evacuated  at  200 


Ilo.  of  Cycles  to 
Failure  (Specimen  Ho.) 

730  (#29) 

812  (#30) 

57  (//4o) 
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FIGURE  CAPTIONS 


1.  Experimental  setup  for  seeding  an  argon  pore  in  two  rods  which  were 
subsequently  diffusion  bonded  together  and  machined  into  a LCF  speci- 
men. 

2.  G~N  curves  of  defect-free  IMI  685  specimens  tested  at  either  R = 0- 
0.3,  20  epr  or  h ■-  0.3,  12  cph< 

3.  Scanning  electron  fractograph  of  MI  685  specimen  //' 6 which  was  frac- 
tured at  0-110  Kill , 20  cpm.  Note  the  relatively  flat  fatigue-pro- 
pagated area  around  the  crack  origin  at  A. 

4.  G-N  curves  of  IMI  68.5  specimens  which  failed  with  rosette-type 
fracture. 

5.  Scanning  electron  fractograpn  of  a rosette-fracture  observed  on 
IMI  685  specimen  ^4,  Details  of  the  ‘fish  eye*  fracture  origin 
are  shown  in  Figure  6.  Striations  have  been  observed  on  facets  A, 

3 and  C.  Those  on  facet  A are  shown  in  Figure  7, 

6.  (a)  'Hie  topography  of  the  ‘fish  eye*  c:.uck  nucleation  site. 

(b)  Detailed  appearance  A in-  central  pore  and  its  surrounding. 

Note  the  presence  of  the  brittle-type  striations  on  uhe  'fish 
eye  • . 

7.  'va)  Replica  showing  fine  fatigue  striations  between  facet  A and 

the  ’fish  eye'  on  the  fracture  surface  illustrated  in  Figure  6. 

(b)  GEM  showing  fatigue  striations  on  facet  A. 

5.  The  LCF  lives  of  seeded  IMI  685  specimens  relative  to  those  with  and 
without  rosette  defects.  The  data  points  from  specimens  seeded  with 
Ti-6Al-4v  hydride  are  indicated  by  II  and  those  from  specimens  seeded 
with  clean  pores,  by  P.  The  open  circles  indicate  tests  without 
dwell  (i.e.  at  20  cpm)  and  the  filled  circles  indicate  tests  with 
dwell  (i.e.  at  12  cph). 

9.  Change  in  intensities  of  several  elements  as  a function  of  sputter- 
ing time.  Determination  of  compositions  at  the  'fish  eye'  fracture 
origin  and  the  bulk  commenced  after  steady  levels  of  major  elements 
were  observed. 
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10.  Auger  electron  spectrographs  at  the  ‘fish  eye'  fatigue  origin. 

(a)  before  sputtering 

(b)  after  sputtering,  note  the  decrease  in  C,  0 and  S which  are 
common  suriace  contaminants. 

11.  Microstructure  near  t?.-  expected  rosette  defect  si"e  in  an  IMI  685 
specimen  which  had  been  isothermally  compressed  at  1830 °F. 

12.  The  microstructure  shown  in  Figure  11  after  additional  recrystalli- 
zation anneal  at  l830°F  for  1 hour. 

13.  Scanning  electron  fractorgraphs  of  hydride  seeded  T1-6A1-4V  speci- 
mens with  acicular  microstructure. 

(a)  center-initiated  fracture  (DB#27) 

(b)  near-surface-ini'ciated  fracture  (DB//21) 

14.  (a)  Striations  observed  on  facet  A of  the  fracture  surface  shown 

in  Figure  13(a). 

(b)  Striations  observed  on  facet  D of  the  fracture  surface  shown 
in  Figure  13(b). 

15.  Mechanism  of  brittle-striation  formation  on  the  'fish  eye'  of  the 
rosette-fracturc  in  IMI  685  alloy. 

16.  Schematic  diagram  showing  the  ’dwell  debit'  and  the  'rosette  debit' 
in  IMI  685  alloy. 

17.  Crack  propagation  data  on  IMI  685  alloy. 

18.  Comparison  of  the  calculated  fatigue  lives  with  those  of  IMI  685 
specimens  which  failed  with  rosette-type  fracture  with  a dwell 
(filled  circles)  without  a dwell  (pen  circles).  The  calculations 
were  made  using  penny-shaped  crack  radii  of  0,01"  and  0.02"  with 
either  the  Rolls  Royce  crack  propagation  data  (band  A)  or  the  AF/ 
Met cut  data  (band  C). 

19.  Striation  spacings  measured  from  IMI  685  specimen  #4  (Figures  5 
and  7)  plotted  as  a function  of  which  are  calculated  using  the 
central  penny-shaped  crack  model6. 
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C.  BETA.  FLECK  DEFECTS 


I.  INTRODUCTION 

The  chemistry  and  microstructure  of  3-fleck  defects  in  Ti-6A1-4V 
were  characterized  in  the  earlier  part  of  this  investigation  and 
described  in  detail  in  the  First  Annual  Report.  Tensile  and  some 
LCF  properties  were  also  reported.  It  was  established  that  in 
a stress-relieved  condition  the  presence  of  0-fleck  defects  has  no 
effect  on  crack  initiation  life  during  strain-controlled  LCF  tests 
at  a maximum  strain  level  of  O.9/0.  This  observation  applies  to 
material  heat-treated  differently  and  to  material  that  was  processed 
differently  (billet  and  forging),  although  the  forged  material  showed 
a fatigue  debit  of  a factor  of  at  least  two  when  tested  in  a as- 
machined  condition.  Stress-controlled  LCF  tes'f-'.ng  showed  the  same 
trend.  However,  when  tested  at  lower  stress  levels  the  0-flecked 
specimens  had  longer  lives  than  those  without  such  defects.  Fur- 
ther, cracks  were  observed  to  nucleate,  in  all  cases  studied,  at 
the  normal  area  rather  than  at  the  0-fleck  defects.  From  the  re- 
sults it  was  apparent  that  the  surface  conditions  (residual  stress) 
must  play  an  important  role  in  the  fatigue  debit  of  flecked  materi- 
al. It  was  also  inferred  from  the  crack  initiation  observations 
that  the  presence  of  0-fleck  is  symptomatic  of  a disease  rather 
than  the  disease  itself  i.e.,  the  fatigue  debit  of  flecked  material 
may  be  related  to  the  general  microstructure  (prior  0 grain  size, 
secondary  B grain  size,  volume  fraction  of  equiaxed  a particle,  etc.) 
of  the  flecked  material  rather  than  to  the  details  of  the  0-fleck 
defect  (size,  severity,  chemistry,  etc.). 

Against  this  background,  the  major  effort  during  this  reporting 
period  has  been  in  the  study  of  effects  of  surface  conditions  on 
the  stress  and  strain- controlled  LCF  properties  of  Ti-6Al-4v  with 
and  without  0-fleck  defects.  Residual  stress  measurements  were  made 
before  and  after  the  LCF  tests  (primarily  on  strain- controlled  half 
bolt-hole  specimens)  to  determine  the  effects  of  microstructures 
(normal  and  0-flecked)  on  relaxation  of  the  surface  residual  stresses. 
Determination  of  compositions  at  a normal  area  and  a 0-flecked  area 
by  secondary  ion  microprobe  technique  has  also  been  attempted  during 
this  reporting  period. 

II.  EXPERIMENTAL 

i.  Specimen  Fabrication  and  Testing 

Most  of  the  details  of  the  specimen  fabrication  and  testing  pro- 
cedures have  been  given  in  the  First  Annual  Report.  In  addition 
to  LCF  testing  of  specimens  with  stress-relieved  surface, 
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specimens  with  either  as-machined  surface  or  stress-relieved  plus 
glass  bead  peened  surface  (12N  intensity)  were  also  tested  in  strefis- 
controlled  and  strain- controlled  modes,  the  latter  has  included 
testing  at  a lower  strain  level, 0.7$.  To  determine  the  effects  of 
microstructure  on  surface  residual  stresses  in  half  bolt-hole  speci- 
men machining,  three  pairs  of  specimens  with  different  combina- 
tions of  microstructures  in  each  pair  were  machined  together. 

The  first  pair  consisted  of  a specimen  with  normal  microstruc- 
ture and  one  with  B-flecked  microstructure.  The  second  and  third 
pairs  consisted  of  specimens  of  sane  microstructures,  either 
normal  equiaxed  a microstructure,  or  g-flecked  micro structure. 

ii.  Residual  Stress  Determination 

The  residual  stress  was  measured  by  the  two-exposure  X-ray  dif- 
fraction method(^)  using  Cu  radiation  usually  at  a setting  of 
40  KV,  20mA..  The  angular  positions  2 6 of  the  diffracted  beams 
from  (2l53)  planes  were  measured  at  two  ^ angles  (y  = 0 and 
= rr/4)  using  a diffractometer  which  scanned  at  a constant  rate 
of  20  = o.l  per  minute.  The  angular  20  shift  in  the  lines  upon 
angular  y rotation  of  the  sample  with  respect  to  the  primary 
beam  was  determined  by  Ogilvie’s  parabolic  fitting  method  in 
which  five  data  points  are  obtained  at  equal  20  intervals  about 
the  diffraction  peak,  and  the  parabolic  curve  is  fitted  by  the 
method  of  least  squares,  ^he  residual  surface  stress  is  then 
obtained  as  a product  of  the  angular  20  shift  and  the  stress 
factor  which  for  Ti-6Al-4v  was  determined  experimentally  to  be 
860  psi  per  20  = 0.01°. 

No  correction  due  to  Lorenz  polarization  and  absorption  was 
made  since  it  had  been  observed  that  the  resulting  stress  levels 
were  within  1 % of  those  obtained  with  these  correction  factors. 

Beam  penetration  correction  was  not  made  since  such  correction 
required  the  shape  of  the  stress  gradient  below  the  surface  be 
known.  Without  this  correction,  the  calculated  stresses  appear 
to  be  larger  and  the  peak  residual  stress  shifted  toward  the 
surface.  However,  meaningful  comparison  of  results  can  still 
be  made  on  a relative  basis. 

The  X-ray  measurement  by  two-exposure  technique  could  only  be 
made  on  either  the  fractured  or  cut  half  bolt-hole  specimens 
because  of  the  obstruction  of  the  beam  by  the  specimen.  A beam 
of  0.125"  wide,  0.5"  long  was  used  the  latter  is  parallel  to 
the  width  of  the  specimen.  On  fractured  specimens  measurements 
were  made  as  a function  of  distance  from  the  fractured  end 
which  is  usually  located  at  the  bottan  of  bhe  be  t hole. 
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Because  of  the  strain  gradient  on  the  half  bolt-hole  gage  sec- 
tion the  measurements,  in  effect,  yielded  information  on  the 
residual  stresses  as  a function  of  cyclic  straining,  i.e,,  cyclic 
surface  residual  stress  relaxation. 

iii.  Chemistry  Determination  by  Secondary  Ion  Mass  Spectrometry 

A sample  from  the  center  of  the  Ti-6Al-4v  billet  was  taken 
for  analysis.  Mass  spectra  were  obtained  at  a 8-flecked  band 
and  at  a normal  area  using  either  32o+  ions  or  2R^j+  ions  after 
a sputtering  of  15  to  30  minutes.  The  reduction  and  therefore 
interpretation  of  the  data  are  subject  to  the  same  limitations 
described  previously  in  the  cleavage  rosette  studies.  To  deter- 
mine the  spacial  distribution,  secondary  ion  images  of  V,  Fa, 

0,  N,  C and  H were  also  taken  at  the  normal  and  8-flecked  areas, 

III.  RESULTS 

i(  LCF  Properties  of  Ti-6A1-4V 

1,  Surface  Residual  Stress  Effects 

Figure  1 shows  strain- controlled  crack  initiation  lives  of 
normal  and  g-flecked  specimens  as  a function  of  surface 
preparations  at  a maximum  strain  level  of  0.9 °/o.  Three 
different  surface  conditions  had  been  used;  stress  relieved 
and  electropolished  (SR  & EP)  which  results  in  no  surface 
residual  stress,  as-machined  and  stress-relieving  prior  to 
glass  bead  peening  to  12N  intensity  (SR  & GB  - 12N).  Each 
data  point  is  an  average  of  two  measurements  except  those 
of  as-machined  data  points  where  averages  of  five  measure- 
ments per  material  were  given.  The  bars  represent  the  maxi- 
mum scatterings  in  either  LCF  or  residual  stress  data.  As 
noted  previously,  in  stress-relieved  condition  there  is  no 
difference  in  the  crack  initiation  life  between  the  normal 
and  the  8-flecked  materials  in  either  the  pancake  forging 
(data  indicated  by  open  and  filled  circles)  or  the  billet 
(data  indicated  by  open  and  filled  triangles).  With  in- 
creasing surface  residual  compressive  stresses,  the  crack 
initiation  lives  increased  in  both  the  normal  and  8-flecked 
materials  however,  that  of  the  former  increased  faster  than 
the  latter.  The  initiation  lives  of  the  8-flecked  material 
are  lower  than  those  of  the  normal  material  by  at  least  a 
factor  of  two  in  either  as-machined  or  glass-bead  peened 
conditions. 
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Figure  2 shows  the  results  from  stress -controlled  LCF 
tests  at  a maximum  stress  of  110  KSI  as  a function  of  the 
same  three  surface  preparations  described  in  the  preceeding 
paragraph.  The  large  circles  in  Figure  2 represent  the 
t average  lives  while  the  results  of  indivdual  tests  are  given 

; by  small  circles.  More  scatter  in  residual  stress  values 

f:  and  LCF  lives  is  evident  for  the  as-machined  condition. 

V . However,  the  same  trend  as  in  the  strain- controlled  tests 

is  observed.  Again,  fatigue  debits  in  j3-flecked  material 
r occur  only  in  conjunction  with  presence  compressive  sur- 

face residual  stresses. 


V, 


2.  The  Influence  of  Test  Conditions 

The  S-N  curves  of  the  (3-flecked  and  normal  materials  tested 
in  a stress-relieved  and  electropolished  condition  are  illus- 
trated in  Figure  3.  The  symbols  used  in  this  figure  have 
the  same  ineaings  as  those  in  Figure  2.  At  all  three  stress 
levels  tested,  the  $-f lacked  specimens  had  longer  lives 
than  the  normal  specimens,  this  difference  is  larger  at 
lower  stress  levels.  This  unexpected  observation  is  con- 
firmed convincingly  by  the  strain- controlled  LCF  tests  at 
a strain  level  of  0.7^.  The  crack  initiation  results  are 
shown  in  Table  I.  It  can  be  seen  that  the  initiation  lives 
of  the  B-flecked  material  are  longer  than  those  of  the  nor- 
mal material  by  a factor  of  at  least  4 in  either  WQ  or  AC 
heat  treated  conditions, 

ii.  Residual  Stress  Measurements 

The  residual  stresses  measured  on  the  as-machined  half  bolt- 
hole specimens  are  given  in  Table  II.  It  can  be  seen  that  the 
residual  stresses  are  highly  sensitive  to  micro structures  and 
details  of  the  machining  procedures.  The  residual  stresses  on 
as-machined  specimens  measured  after  fracture  are  given  in 
Table  III.  These  measurements  were  made  at  locations  A,  B and 
C in  the  order  of  proximity  to  the  fracture;  location  C is  the 
closest  one  to  the  fracture.  As  expected  the  residual  stresses 
decrease  toward  the  fracture  (i.e,,  as  the  amount  of  fatigue 
deformation  increases).  The  important  difference  between  the 
8-flecked  and  normal  specimens  is  that  residual  tensile  stresses 
are  developed  near  the  fracture  in  the  former  while  the  residual 
stresses  remained  compressive  in  the  latter.  Comparing  the 
residual  stresses  at  location  A it  is  obvious  that  there  is 
large  scatter  in  these  data,  especially  in  the  8-flecked  speci- 
mens. As  shown  in  Table  II  this  scatter  may  be  explainable  in 
terms  of  microstructure  and  machining  details  (although  all 
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the  specimens  were  machined  using  a standard  procedure). 

ill . Secondary  Ion  Mass  Spectrometer  Measurements 

The  compositions  that  were  measured  after  sputtering  for  15- 
30  minutes  are  given  in  Table  IV.  The  segregation  pattern  of 
the  a-stabilizing  and  0-stabi] izing  elements  in  the  normal  and 
0-flecked  regions  is  not  clear  using  this  technique.  The  0- 
flecked  region  contains  a higher  concentration  of  0-stabilizing 
Fe  and  a lower  concentration  of  a-stabilizing  C,  On  the  other 
hand,  the  normal  region  contains  higher  concentrations  of  H 
and  Cr  both  of  which  are  0-stabilizers,  The  other  elements 
present  appear  to  be  due  to  residual  contamination.  Some  of 
the  secondary  ion  images  are  shown  in  Figure  4.  In  Figure  4a 
and  b the  light  areas  correspond  to  the  0-phase  while  the  dark 
areas  correspond  to  the  a phe.se,  It  appears  from  Figure  4b 
that  the  change  in  V concentrations  between  a and  0 phases  is 
a gradual  one.  Similar  observations  can  be  made  on  Fe  (Figure 
4c). 

IV.  DISCUSSION 

The  most  significant  discovery  of  this  study  is  that  the  fatigue 
debit  is  not  caused  by  the  presence  of  beta  fleck  defects  per  se 
but  is  rftther  the  result  of  the  interaction  of  the  defect  con- 
taining microstructure  with  surface  residual  stress  during  fatigue. 
The  defect  micros tructure  not  only  relax  such  stresses  at  faster 
rate  than  normal  micro structure  but  originally  compressive  stresses 
change  sign  (to  tensile)  near  the  crack  initiation  sites.  It  has 
also  been  shown  that  in  the  absence  of  residual  stresses  the  fati- 
gue capability  of  the  beta  flecked  material  is  equal  superior 
to  normal  structure.  The  advantage  of  the  flecked  structures  is 
more  clearly  evident  at  lower  stresses  or  applied  total  strain. 

It  should  also  be  emphasized  that  in  the  stress  relieved  condition 
variations  in  fatigue  capability  with  different  processing  and/or 
microstructure  are  observed.  Thus  the  fatigue  results  from  the 
forged  material  are  greater  than  that  of  the  billet  and  beta  heat 
treatment  of  the  latter  material  can  result  in  lower  fatigue  life. 
Detailed  microstructural  analyses  of  these  materials  will  be  com- 
pleted in  the  next  quarter  of  this  contract  and  will  be  used  to 
establish  if  such  factors  as  beta  grain  size  and/or  alpha  beta 
interfacial  area  can  be  clearly  established  as  the  life  controlling 
factor(s).  It  could  be  fairly  stated  that  the  microstructural 
trends  noted  above  fit  into  the  general  pattern  of  behavior  esta- 
blished for  titanium  alloys  over  the  past  years.  Likewise  the  im- 
portance of  surface  residual  stress  on  fatigue  capability  has  been 
recognized  for  some  time.  However  the  present  investigation 
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attempts  to  put  both  these  factors  together  in  a systematic  way 
and  for  the  first  time  attempts  to  provide  insight  into  why  specific 
behavior  patterns  are  observed. 

Accepting  the  general  trends  in  microstructural  relationship  to 
fatigue  capability  it  is  still  rather  unclear  why  crack  origins 
in  the  beta  flecked  material  do  not  nucleate  preferentially  at 
these  structural  discontinuities.  This  statement  may  be  true  of 
any  surface  conditions  but  is  probably  most  applicable  to  machined 
or  shot  peened  surfaces.  Although  not  included  in  the  present 
study  crystallographic  text'ire  is  known  to  have  a pronounced  effect 
on  cyclic  deformation  processes.  Indeed  reduction  in  fatigue  life 
of  three  orders  of  magnitude  has  been  observed  in  specific  orien- 
tations of  a textured  Ti-6Al-4v  product (2).  The  preferred  orien- 
tation present  in  a forged  product  is  usually  small  compared  with 
sheet  or  plate.  However  a local  group  of  grains  in  an  unfavorable 
orientation  (with  respect  to  LCF)  may  exert  an  overriding  in- 
fluence on  fatigue  life.  An  attempt  will  be  made  in  the  next 
quarter  to  establish  if  texture  can  account  for  the  location  of 
fatigue  crack  origins  in  the  material  under  investigation. 

Finally  an  explanation  is  required  for  the  mechanism  of  stress 
relaxation  in  these  materials.  It  is  inferred  that  the  origin 
of  the  decline  of  surface  stresses  resides  in  the  interaction  of 
a dynamic  set  of  glissile  defects  v,  ith  the  applied,  and  undefined, 
surface  defects,  Basic  problems  in  examining  defects  in  half  bolt- 
hole specimens  include  the  large  strain  gradients  imposed  on  such 
specimens  and  the  rather  small  area  or  volume  available  for  examin- 
ation. Transmission  microscopy  will  be  attempted  on  samples  cut 
from  these  specimens  in  an  attempt  to  elucidate  the  relaxation 
mechanism.  To  supplement  this  approach  a series  of  flat  specimens 
have  been  fabricated  which  will  provide  a larger  area  for  studying 
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TABLE  I 


CRACK  INITIATION  LIFE  T1-6A1-4V 
0-0,007* 

STRESS- RELIEVED  AND  ELEC TROPOLI SHED 


Cycles 

(IP3)  — 

Micros  truoture 

Heal: 

Treatment 

First 

Indication 

1/64 

1/32 

e-Fleck 

Normal 

WQ 

None  at  333 
69.O 

71.0 

77.0 

$ -Fleck 
Normal 

AC 

220.0 

50.0 

222.0 

51.0 

226.0 

59.0 

WQ  a lV50°l'7l  hr  WQ  + 1100 °F/2  hr  AC 
AC  - 1750 °F/1  hr  AC  + 1100 °F/2  4r  Ac 
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TABLE  II 


SURFACE  RESIDUAL  STRESSES  IN  AS-MACHINED  Ti-6Al-4V 
llALi1'  BOLT-HOLE  SPECIMENS 


Half -Bolt  Hole  Specimen  Pairs* 


Number 


Micros  cructurcs 


Residual  Stresses  (-KSI) 


1 


Normal 

fl-Elecked 


29.6  ± 2.0 
62.8  ± 8.0 


Normal  52.0  t 12.0 

Normal 


3 8-Flecked 

8-Flecked 


25.2  ± 5.2 


^Material  or-fl  pancake  forged  + 1750!Tr/l  hr  AC  + 1100°l'/2  hr  AC 
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TABLE  III 

SUBFACE  RESIDUAL  STRESSES  IN  AS-MACHINED  T1-6A1-4V 
HALF  BOLT-HOLE  SPECIMEN  AFTER  TESTING 


Microstructure  (S/N) 

No.  of  Cycles  to  First 
Crack  Initiation 

Stresses  (KSl) 
A B 

at  Location 
C 

P - Flecked  (9A) 

6,000 

-2.0 

+1.5 

+3.0 

P - Flecked  (153) 

7,000 

-48.0 

-40.0 

+12.0 

Normal  (6A) 

19,000 

-32.0 

-24.0 

-17.0 

Normal  (7A) 

25,000 

-16.7 

-14.5 

-1.7 

* + Tensile,  - Compressive 
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FIGURE  CAPTIONS 


1.  Fatigue  crack  initiation  lives  of  normal  and  B-flecked  Ti-6Al-4v 
as  a function  of  surface  preparations.  The  specimens  were  tested 
in  strain- controlled  LCF  at  Q.9$c 

2.  Fatigue  live  of  normal  and  8-flecked  Ti-6Al-4v  as  a function  of 
surface  preparations.  The  specimens  were  tested  in  stress-con- 
trolled fatigue  at  110  KSI. 

3.  S-N  curves  of  normal  and  g-  flecked  Ti-6Al-4v  specimens  which  were 
stress-relieved  and  then  electropolished  prior  to  testing 

4.  (a)  51  v image  of  a normal  area 

(b)  v image  of  a B-flecked  area 

(c)  ^ Fe  image  of  a 8-flecked  area 
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